Aerosol optical characteristics of Asian dust are studied by combining Global Ozone Monitoring Experiment (GOME) data, with Geostationary Meteorological Satellite (GMS-5) visible data, collected during a Yellow Sand event occurred on 7 April 2000. Retrieved results were compared with those from solar aureole measurements at Anmyon-Do, Korea. It was shown that the single scattering albedo of Asian dust can be as low as 0.76, much smaller than the generally known values of 0.9 in the Asian dust source region, such as Dunhuang or 0.93 for Saharan dust. This finding suggests that Asian dust can be much absorbing aerosols. The overall atmospheric forcing efficiency (radiation fluxes per unit aerosol optical thickness at 0.5 mm) of Asian dust observed on 7 April 2000, is about 102 Wm À2 in the atmospheric layer, and À116.9 Wm À2 at the surface. These results strongly indicate that the regional surface and atmospheric radiation energy budget, can be significantly altered by the presence of Asian dust.
Introduction
Aerosols in East Asia are presumed to be very different from other regions. There are many absorbing soot, and organic aerosols from coal or biomass burning over the Asian and Pacific regions (Chameides et al. 1999) . Increased fossil fuel burning, caused by rapid economic growth in many Asian countries, results in more SO 2 , organic matters, and soot aerosols being emitted into the East Asian atmosphere. Moreover, Asian dust particles, which could lead to both cooling by scattering sunlight back to space, and warming by absorbing solar and infrared radiation, make the Asian aerosol situation more complicated (Sokolik and Toon 1999) . Heavy dust storms, called Yellow Sand events in East Asia, can significantly perturb the atmospheric radiation budget (Kim et al. 2005) . Moreover, in-situ and satellite remotesensing measurements have shown that dust particles from the Asian continent could be transported beyond the Pacific Ocean to the U.S. western seaboard (Husar et al. 2001) , indicating that dust influences are not just confined within the surrounding East Asian region. Because of such a vital interest in the possible impact of Asian dust on local or global climate, there is much need to investigate the optical characteristics of Asian dust particles.
On the other hand, the frequency of dust storms appears to change, in particular due to the anthropogenic influences on the environment (Sun et al. 2000; Yoshino 2002 ). Accordingly it is natural to ask whether there is a reliable way to monitor optical properties and forcing magnitudes, from which the consequence of Asian dust for the climate can be studied. In this paper, we will examine a synergistic way to use geostationary satellite information to determine the aerosol optical properties of Asian dust.
New generation Low Earth Orbit (LEO) satellite sensors present in general a good spectral resolution for aerosol studies, allowing measurement of spectral regions mostly devoid of gas absorption (King et al. 1999) . In particular, the Global Ozone Monitoring Experiment (GOME) spectrometer (Burrows et al. 1999 ), on board the European Remote Sensing Satellite (ERS-2), presents high spectral resolution measurements in the ultraviolet (UV), and visible (VIS) regions of the electromagnetic spectrum, significant for the derivation of aerosol properties and atmospheric aerosol load (Torricella et al. 1999; Costa et al. 2002; Costa 2004) . Nevertheless, the inadequacy of LEO sensors to follow the evolution of a phenomenon is evident since they overpass nearly the same area once a day at the most.
By contrast, geostationary (GEO) satellites ensure a more adequate temporal and spatial coverage for monitoring purposes. However, most of the sensors aboard GEO systems present only broadband spectral channels, allowing the retrieval of no more than one climaterelevant aerosol quantity, usually the aerosol optical thickness (AOT) (Moulin et al. 1997; Masuda et al. 2002) . In addition, measurements by visible sensors aboard geostationary satellites may not adequately represent the atmospheric state at the time of satellite overpass, because of broadband characteristics. This can introduce considerable errors on the AOT retrievals. In consequence, significant uncertainties affect the direct shortwave aerosol radiative forcing (DSWARF) estimates.
Recent studies (Costa et al. 2004a; Costa 2004b) , however, demonstrated that the synergistic use of LEO (GOME), and GEO satellite sensors, can overcome the aforementioned limitations of both types of instruments (LEO and GEO) for an effective aerosol optical property, during strong aerosol events over the ocean (Costa et al. 2002) . Key features of the method are the improved accuracy of the aerosol characterization with respect to methods based exclusively on GEO measurements, and extension of the spatial and temporal coverage of LEO retrievals to the GEO spatio-temporal scale.
The method has already been successfully applied to several case studies using the GEO meteorological satellite Meteosat (Costa et al. 2004b) . By the same token it is interesting to examine how the Asian dust event can be monitored from a geostationary satellite, in conjunction with a LEO satellite. In this study, aiming at dust characterization, we combine GOME data with Japanese GMS-5 measurements, to estimate the top of the atmosphere (TOA), surface and atmospheric DSWARF over the geographical area where the event occurs. Derived optical properties are compared with those retrieved from the ground-based solar radiation measurements. In addition, the modelled TOA SW flux is compared with the Clouds and the Earth's Radiant Energy System (CERES; Wielicki et al. 1996 ) TOA flux product, for a quality check of the solar flux modeling.
Methodology
The detailed retrieval method for aerosol optical properties over the ocean using the GOME is found in Costa et al. (2004a) . In this section we provide a brief summary of retrieval methods for aerosol optical properties and radiative forcing.
Aerosol characterization
As a first step, GOME measurements are analysed in order to select spatially homogenous pixels over the ocean, which is rather difficult due to the spectrometer's low spatial resolution (pixel size is 320 Â 40 km 2 ) and its lack of infrared information, which is most relevant for cloud, land and aerosol detection. These are overcome by collocating the GOME image with GMS-5 classified images (clouds, aerosol event or background aerosol) in space and time (within a maximum15-minute difference). Cloud classifications are obtained by applying a statistical algorithm of Porcù and Levizzani (1992) that uses VIS and infrared (IR) measurements.
The absorption of radiation by atmospheric gases may interfere with the processes of scattering and absorption by aerosols, so that the selection of wavelengths not affected by gases is important. Torricella et al. (1999) provides such a selection not much affected by gases from the GOME high resolution spectra, i.e., 0.361, 0.421, 0.753 and 0.783 mm.
Aerosols are here assumed to be characterized by a bimodal log-normal size distribution with a fine and a coarse mode, and a complex refractive index common to both modes (see Table 1 ). The measured spectral reflectance corresponding to each selected GOME pixel is compared to the simulated spectral reflectance contained in a look-up table (LUT) that is calculated by altering the modal radius and particle percentage density for the fine mode, the imaginary part of the refractive index in the two spectral regions, and AOT at the reference wavelength of 0.55 mm. The spectral regions considered for the imaginary refractive index are 0.35-0.50 mm and 0.70-0.86 mm. The GOME four channel measurements in the UV-VIS spectrums are used to find the ''best'' aerosol model from the pre-constructed LUTs, which is considered an effective aerosol model, since it reproduces the measured spectral reflectances. There are no iterative processes to find the best fit, but instead precalculated LUTs are used. The aerosol type is assumed a priori, as well as the surface reflectance and atmospheric vertical profiles of the gaseous species. The ''best'' aerosol model is retained valid for a subsequent use with GEO data, in order to provide a useful and effective monitoring of the AOT and aerosol radiative forcing. Therefore, an aerosol characterization from this approach is supposedly more realistic than those available from literatures. The mean size distribution, and spectral complex refractive index, for Asian dust are used as initial parameters for the GOME LUT development, and those aerosol climatologies are obtained from the three year (1998-2000) measurements of solar radiation for the Asian dust at AnmyonDo, Korea-see Kim et al. (2004) for the dust analysis. The variation limits of the aerosol parameters for the refinement are shown in Table 1 .
It should be pointed out that the method was developed by assuming that the spatial extension of aerosol plumes under study is sufficiently large, to encompass several GOME pixels. Although the ground spatial resolution of GOME is certainly coarse, it is considered sufficient for the aerosol-type retrieval at the local scale, since aerosol type varies consider- ably less than the aerosol loads over a given area. The pseudo-inversion is performed over all selected GOME pixels to retrieve several size distributions, complex refractive indices and optical thickness (at the reference wavelength of 0.55 mm) at the GOME spatial scale, which characterize the mixture of aerosols present in the atmosphere for each space-time measurement. A subsequent spatial /temporal analysis of these inversion results is carried out, including the separation in terms of the initial classification of each pixel (e.g., background aerosol or other events). Retrieval of size distributions, and complex refractive indices for each of these classes, is then used to derive the corresponding spectral aerosol optical quantities, namely the extinction, scattering and absorption coefficients, phase function, single scattering albedo, and asymmetry parameter at the wavelengths of 0.400, 0.488, 0.515, 0.694 and 0.860 mm. These quantities are calculated by assuming spherical aerosol particles, and using the GOME-derived size distributions and complex refractive indices as inputs for Mie scattering calculations. The resultant aerosol optical quantities are then averaged, after rejecting pixels showing variations larger than 30% with respect to the mean value. This permits the retrieval of effective aerosol optical quantities for a geographical area at the time under study.
An LUT of the GMS-5 VIS broadband radiance (0.55-0.90 mm) is calculated using the mean aerosol class, obtained from the inversion of GOME spectral reflectance, considering all possible geometric conditions associated with the Sun, the GEO satellite and the seven AOT values at 0.55 mm (0.0, 0.1, 0.2, 0.5, 1.0, 1.5, 2.0). These seven AOT values are chosen to integrate the LUT and are considered enough to calculate any AOT value between 0.0 and 2.0. Subsequently, the AOT at the reference wavelength of 0.55 mm is computed at each GEO pixel, by interpolating the GEO radiances stored in the LUT to the GEO radiance measurement. In so doing we can construct AOT maps suitable for the space-time monitoring of aerosol loads over the ocean. ), and AOT values at 0.55 mm (0.0, 0.2, 0.5, 1.0, 1.5, 2.0), in order to build the flux LUTs. The aerosol properties are specified by the optical quantities derived from GOME spectral measurements, ensuring that the used aerosol characterization represents the atmospheric conditions for the geographical area and period of the study. The SW spectral range considered for the flux calculation is from 0.25 to 4.0 mm. After determining the solar zenith angle, the AOT previously retrieved from the GEO satellite data is compared to the AOTs contained in these LUTs, estimating solar fluxes and then the DSWARF. As for the surface spectral reflectance needed for the calculation of aerosol radiative forcing, we use values typical of sea water, contained in database of the 6S model (Vermote et al. 1997) .
The DSWARF, i.e., the change in the atmospheric radiation balance at the surface, and the TOA ðDF SURF/TOA Þ, due to the presence of aerosol particles (through scattering and/or absorption of radiation) is in turn estimated, i.e.: 
The DSWARF of an atmospheric column ðDF ATMOS Þ is also estimated, i.e.:
Analysis of 7 April 2000 dust event
During the spring, a large amount of Asian dust is uplifted from northern China, and transported to a wide region under prevalent westerlies in mid-latitudes. These dusts significantly increase the atmospheric turbidity over East Asia and adjacent Pacific regions in spring, possibly altering the radiation balance over those regions. On 7 April 2000, a strong dust storm originated in the Gobi desert, and swept the Yellow Sea and continued to move east over the geographical region shown in Fig.  1 . In addition, the smoke from forest fires in Korea appears to mix with dusts off the east coast of Korea. However, the present study concentrates only on the dust situated over the Yellow Sea, excluding any mixture of different aerosol types. Images of Japan's operational meteorological satellite-GMS-5 (VIS: 0.55-0.90 mm, and IR: 11.5-12.5 mm spectral channels) on 7 April 2000 are collected hourly from 0030 to 0930 UTC (0930 to 1830 Korean LST). Space-time nearest GOME orbits are also collected. GOME spatially homogeneous pixels are selected using GMS-5 VIS and IR spacetime coincident imagery to detect clouds. Aerosol optical properties are obtained from the GOME spectral measurements inversion, and subsequently used in combination with the GMS-5 VIS reflectance measurements to retrieve AOT at 0.55 mm and DSWARF over the Yellow Sea. The region considered for the comparisons of the AOT and DSWARF with the ground-based measurements, is represented on the map of Fig. 1 by a black square (and noted as 'AN'). It corresponds to an area of 0:25 Â 0:25 in latitude and longitude, centred at the geographical coordinates of Anmyon-Do (36.52 N, 126.32 E), the Korean site where the ground measurements of solar radiation were taken.
Direct and diffuse solar radiation measurements were carried out using a sky radiometer (POM-01L; Prede Co. Ltd.) at seven wavelengths of 315, 400, 500, 675, 870, 940, and 1020 nm at Anmyon-Do. The aerosol optical thickness, single-scattering albedo at five wavelengths (400, 500, 675, 870, and 1020 nm), Å ngström exponent, and volume size distribution [dVðrÞ/dln r (cm 3 cm À2 )] were retrieved using the SKYRAD.pack version 3 software (Nakajima et al. 1996) , which consists of a radiative transfer code as well as linear and nonlinear inversion components. A brief summary of the inversion method is found in Aoki and Fujiyoshi (2003) and Kim et al. (2005) along with some results from the sensitivity test for uncertainty analysis.
Results
Aerosol quantities retrieved at the GOME pixel scale (spectral single scattering albedo, phase function and Å ngström exponent), as well as AOT at the GMS-5 spatial scale are compared with the respective quantities derived from the ground-based radiation measurements at Anmyon. Note that the aerosol properties derived from GOME measurements correspond to the whole area illustrated in Fig. 1 and not exclusively to the area around Anmyon-Do (the black square in the map of Fig. 1 ). Nevertheless all GOME measurements used for the retrievals correspond to dusty pixels. Therefore the aerosol properties retrieved from GOME measurements should represent mean dust aerosol conditions that occurred in the area on 7 April 2000. Assuming the Asian dust situated in this study region possesses spatial homogeneity and thus maintains its optical and physical characteristics, GOME-derived aerosol properties are compared with the results obtained from sky radiation measurements at Anmyon.
Characteristics of Asian dust aerosol
derived from GOME Spectral single scattering albedos obtained from the GOME inversions are compared with those measured at Anmyon-Do and taken from the Shettle (1984) 2. The vertical error bars represent the standard deviation of the GOME derived single scattering albedo (around 0.04). It is noted that spectral single scattering albedos derived from GOME spectra for the Asian dusts over the Yellow Sea are in good agreement with the ground-based measurements taken at AnmyonDo, Korea. There is a slight overestimation of GOME results in the blue spectral region and an underestimation in the red, but both results are very close and within the GOME-derived error bars. As for the results from the Shettle (1984) desert model, the discrepancy is substantial. In fact, the derived and measured single scattering albedos for 7 April 2000 case are extremely low, and found to be much smaller than those observed in source regions, i.e., around 0.9 at 0.5 mm in Dunhuang area (Kim et al. 2005) . This may be an indication that Asian dust may interact with industrial or urban aerosols (containing black carbons), while dust moves through heavy pollution areas of China, altering its properties through the mixing processes (Clarke et al. 2004; Kim et al. 2005) . Phase functions derived from GOME measurements are compared with measurements at Anmyon-Do, and with those in Shettle (1984) -Fig. 3 . The phase function is represented for two close wavelengths. The GOME derived phase function refers to the 0.515 mm wavelength, and the corresponding campaign measurements are available at a wavelength of 0.5 mm. The values from the Shettle (1984) model are also presented. The comparison of phase function between results and groundbased measurements reveals a fine agreement, except for the small differences found for scattering angles greater than 160
. The desert dust literature model tends in general to overestimate the values with respect to the measurements.
It might be interesting to compare the asymmetry parameter (g) retrieved from GOME data with that from ground aureole measurements. GOME retrievals show 0.70 of the asymmetry parameter at 515 nm, which is similar to 0.71 for desert dust model of Shettle (1984) . The g values at 500 nm from the measurements at Anmyon were around 0.80 until 0500 UTC, in which AOTs greater than 1.0 were observed, and smaller 0.72 after 0600 UTC. Such discrepancy between the GOME retrieval, and SKYRAD.pack results, appear to be in part due to the large GOME foot print (320 Â 40 km 2 ), which may represent average quantity of aerosol parameters over a fairly large area.
The GOME-derived Å ngström exponents are also compared with ground measurements (Fig. 4) . The value obtained from the satellitebased algorithm (GOME measurements) is con- stant, since it is a function of the derived aerosol model in which the Å ngström exponent is invariant with time and thus remains unchanged for the case under study. The Å ngström exponent obtained from ground measurements for the Asian dust event shows a negative value for the first part of the day, then it increases to a positive value after 0630 UTC (1530 LST). The analysis of the AOT hourly variation in Fig. 5 indicates that after 0230 UTC (1130 LST) the dust area moves south from Anmyon-Do, therefore the higher Å ngström exponent later in the day is not solely due to dust, but due to other mixed types of aerosols. Nevertheless the agreement with the GOME-derived value (0.08) is quite good. Figure 5 shows the hourly AOT distribution over the area shown in Fig. 1 . The AOTs are de- rived at the reference wavelength of 0.55 mm, from GMS-5 visible reflectance measurements (see Section 2.1), using the aerosol properties obtained from GOME spectral inversions. The region considered for the comparison of retrieved AOT with ground-based measurements is delimited on maps by the square which corresponds to an area of 0:25 Â 0:25 in latitude and longitude, centred on the geographical coordinates of Anmyon-Do. The dust aerosol plume stretching from East China toward Korea can be well distinguished in any of the maps of Fig. 5 . From the images it is evident that the plume moves from North to South with time. Also detected is an increase in dust contamination in Bohai Bay along the day. The AOTs inside the area defined by the square are arithmetically averaged (excluding cloud-and land-contaminated pixels), and compared to ground measurements of the AOT at AnmyonDo. Figure 6 shows the AOT comparison for 7th April 2000, as a function of UTC time.
Aerosol optical thickness derived from GMS data
Measurements and results show a very good agreement, with absolute differences always lower than 0.2. Moreover, the satellite retrieval closely reproduces the trend of ground-based measurements during the day.
Estimation of aerosol radiative forcing
The TOA SW flux modelled with a radiative transfer code 6S (Vermote et al. 1997 ) is compared with the CERES TOA SW flux product, as a way of verifying the radiative transfer calculations, and checking the validity of the calculated LUTs. Results are given in Fig. 7 . Each data point in Fig. 7 represents an average over a 0.25 by 0.25 latitude-longitude grid box for clear pixels over the ocean. The model results show a slight underestimate with respect to CERES measured TOA flux. Nevertheless, the measurements and the corresponding modelled data are generally in good agreement; 98% of the modelled values agree with CERES data within a 15% error (the range enveloped by dotted lines in the plots).
The TOA DSWARF is then retrieved over the study areas, using the AOT values previously estimated from GMS-5 measurements, and the LUTs calculated using the aerosol properties retrieved from GOME (Section 2.2). Figure 8 shows the variation of the DSWARF at the TOA and at the surface, with the AOT at the reference wavelength of 0.55 mm calculated from GMS-5, with GOME-derived aerosol properties. Each curve represents SW aerosol radiative forcing, with AOT at a given sun-satellite geometry, and solar illumination at AnmyonDo. It is noted that the curve fluctuates mainly with different solar zenith angle, because the GMS satellite viewing angle is nearly invariant. The mean value of the TOA DSWARF obtained for the area considered around AnmyonDo is À21.5 W m À2 , and the TOA DSWARF per unit optical thickness (i.e., forcing efficiency b) is found to be À15.3 W m À2 . As for the surface DSWARF, results obtained in the area around Anmyon-Do are À164.5 W m À2 , with b ¼ À116:9 W m À2 . The overall radiation convergence in the atmosphere is 143 Wm À2 , and b for the atmosphere is about 102 Wm À2 , indicating that the Asian dust observed at AnmyonDo, Korea can absorb a large amount of solar energy-note the AOT magnitude as large as 2 at 0200 UTC bringing in atmospheric solar absorption up to 290 Wm À2 at one moment.
Conclusions and discussion
A method for deriving the aerosol optical properties (at 0.400, 0.488, 0.515, 0.694 and 0.860 mm), and monitoring the AOT (at 0.55 mm) and DSWARF (Costa et al. 2004a ) was applied to measurements from Japan's operational meteorological satellite (GMS-5, positioned at 0
, 140 E), to study the radiative forcing induced by one Asian dust event which occurred on 7 April 2000, and its consequence in the radiation budget.
The variation of AOTs, and the geographical variation of plume location, demonstrate the importance of developing monitoring capabilities from available satellite sensors. Such information would be completely lost by methods based exclusively on LEO sensors, which would be scanning the area only once in this period, depending on the time of the satellite overpass.
It is found that the radiative forcing efficiencies of Asian dust that occurred on 7 April 2000 are À15.3 W m À2 , 102 Wm À2 , À116.9 Wm À2 at the TOA, in the atmospheric layer, and at the surface, respectively. From the composite of sky radiation measurements for Asian dust events at Anmyon, Kim et al. (2005) reported that radiative forcing efficiencies at Anmyon could be À26 Wm À2 , 65 Wm À2 , and À91 Wm
À2
at the TOA, atmosphere, and surface, respectively. In comparison to the mean forcing, the much larger magnitude of the atmosphere (and thus the much larger cooling at the surface), seems to be attributable to the lower single scattering albedo around 0.76 at 0.5 mm. Kim et al. (2005) reported 0.86 of the mean single scattering albedo for Asian dust at Anmyon. The magnitude found in this study appears to be considerably smaller than that around 0.9 found in Dunhuang during the dusty spring time-see Kim et al. (2005) for details. Recent emission inventories of various pollution materials have been reported in Streets et al. (2003) , in which Northeast China is found to be one of the epicenters of pollution emission. This lower single scattering albedo might be due to extensive mixing with polluted air masses containing sulfates, nitrates, and black carbons in Northeast China during the dust movement, as suggested in Clarke et al. (2004) and Kim et al. (2005) . Importantly the lower single scattering albedo during the dust event manifests the importance of aerosols in climate, because the larger absorption effect of the aerosols can significantly alter the radiation balance over the region. The values found in this study suggest that dust can induce a great deal of radiative cooling effect on the surface, while inducing a significant warming effect within the atmosphere, due to the lower single scattering albedo when dust is mingled with pollution materials. Subsequently the atmospheric stability may be increased in the lower boundary layer.
On the other hand, it should be pointed out that the lower single scattering albedo obtained in this study is at least in part due to the retrieval errors. The single scattering albedo from the Aerosol Robotic Network (AERONET) sunphotometer observations at Anmyon is higher than those obtained in this study, even though the temporal coverage of AERONET retrievals on 7 April 2000 at Anmyon was limited for non-dust aerosols after 6:00 UTC (not shown). It is generally thought that the inversion software used in this study, i.e., SKYRAD.pack version 3 (Nakajima et al. 1996) for estimating the aerosol optical parameters, yields the lower single scattering albedo. Thus the use of the SKYRAD.pack software may be one of reasons causing such a smaller single scattering albedo, suggesting that a caution should be exercised about absolute values of single scattering albedo, and its associated aerosol radiative forcing.
